Growth of self-assembled ZnO nanoleaf from aqueous solution by pulsed laser ablation § 6.1 Introduction -ZnO
.1 A collection of various nanostructures of ZnO [3] . Note this image is listed here only for illustration, scale bar is not shown. § 6.1.1 Crystal structure of ZnO The crystal structures shared by ZnO are hexagonal wurtzite, cubic zinc blende, and cubic rocksalt. At ambient conditions, the thermodynamically stable phase is the wurtzite structure. Wurtzite zinc oxide has a hexagonal structure (space group C6mc) with lattice parameters a = 0.3296 and c = 0.52065 nm, which can be simply described as a number of alternating planes composed of tetrahedrally-coordinated surfaces, resulting in a normal dipole moment and spontaneous polarization along the c-axis, as well as a divergence in surface energy. In wurtzite ZnO, besides the primary polar plane (0001) and associated direction <0001>, which are the most commonly used surface and direction for growth, many other secondary planes and directions exist in the crystal structure [20] . shown [12] . § 6.
Properties of ZnO
The properties of ZnO have been studied for many years, with most work focused on piezoelectric, hardness, thermal conductivity, optical and electron transport properties. Among reports of recent progress on the growth of a range of ZnO nanostructures, nanobelts and relevant nanostructures are a unique group that is likely to have important applications in nanosize electronic, optical, sensor and optoelectronic devices. A piezoelectric coefficient of a ZnO nanobelt has been measured by atomic force microscopy using a conductive tip [21] . On the basis of references of bulk (0001) ZnO and x-cut quartz, the effective piezoelectric Heat transport at the nanoscale is a very interesting and technologically important area. With the reduction of object size, phonon modes and phonon densities of states change drastically, resulting in unusual thermal transport phenomena in mesocopic systems. Kulkarni and co-workers [22] have measured the size-dependent thermal conductivity of zinc oxide nanobelts. The thermal conductivity of the nanobelts is significantly suppressed in comparison to that in the bulk due to increased phonon-boundary scattering and modified phonon dispersion [23] . This size effect can lead to localized heating in nanoelectronics [24] , but may find potential use in improving thermoelectric performance. in disordered particles or thin film [26] , which make them ideal miniaturized laser light sources. ZnO NRs are also starting to be used in the detection of biological molecules.
Kim and co-workers [36] functionalized ZnO NR surfaces with biotin and developed nanosensors for the real-time detection of biological molecules using surface modified ZnO NRs as a conducting channel.
Another attractive application suggested for ZnO is its use as a catalyst, due to its high level of chemo-selectivity, high specific surface area, environmental compatibility, and simplicity of operation, as well as low cost. For example,
Hosseini-Sarvari and co-workers [ 37 ] demonstrated that ZnO could act as an efficient and reusable catalyst for acylation of alcohols, phenols and amines under solvent free conditions. ZnO has also been reported as an alternative (and low cost)
photo-catalyst to TiO 2 in the degradation of organic pollutants [38] . This could be important, since widespread use of TiO 2 catalyst is uneconomic for large scale water treatment operation. § 6. Recently, the LP-PLA technique has been applied to zinc oxide by using a Zn target and an aqueous solution containing different surfactants. These surfactants stick to the charged particle surfaces, preventing further growth, and thereby aid the production of small particle sizes. For instance, Usui and coworkers [39] used the surfactant cetyltrimethylammonium bromide (CTAB), lauryl dimethylaminoacetic (LDA) and octaethylene glycol monododecyl (OGM) to help form ZnO nanoparticles (NPs) with an average size of 12 nm. Also, Zeng and co-workers [40] used a solution of sodium dodecyl sulphate (SDS) to produce ~20 nm Zn/ZnO coreshell structure particles. These reports show that ZnO mainly forms zerodimensional (0D) NPs by LP-PLA, although various approaches, including chemical vapour deposition, thermal evaporation, template-involved processes and solutionphase synthesis have been employed successfully for preparing more complex twodimensional (2D) and three-dimensional (3D) superstructures of ZnO [ 41 , 42 ] .
However, to the best of our knowledge, use of the LP-PLA technique has not yet been reported for the self-assembly of such complex ZnO structures.
Our recent findings [ 43 , 44 , 45 , 46 ] indicated that the instantaneous high temperature, high pressure and high density conditions that arise during LP-PLA can promote growth of crystalline carbon nitride nanomaterials (see Chapter 4 and
Chapter 5). We demonstrated that the nanocrystals self-assemble into complex 2D
and 3D architectures. Thus, a similar synthesis concept was extended to new, complex 2D nanostructures of ZnO fabrication, using an aqueous solution of SDS.
This surfactant was chosen because it has been widely used in other systems, and it is known to affect the initial self-assembly process and also modify the resulting particle morphology [47] . § 6.2 Experimental details of ZnO synthesis 99.99% Zn powder was compressed under (~ 10 kg cm -2 ) pressure to form a solid target for ablation. Different ZnO nanostructures were prepared by LP-PLA in an aqueous solution with anionic surfactant SDS in a volume of 5 ml, using apparatus and methods that have been described in detail elsewhere (see Chapter 3 and [43] ). Briefly, the laser beam was a Nd:YAG (532 nm, pulse duration 15 ns, frequency 10 Hz) with the power kept constant at 100 mJ per pulse, and focused through ~5 mm of the liquid onto a 0.5 mm-diameter spot on the ZnO target surface.
All the laser ablation experiments were performed at room temperature and 1 atmosphere pressure. Different SDS concentrations (0.05-0.001 M) and ablation Chapter 6 Growth of self-assembled ZnO nanoleaf 200 times, t, (0.5-5 h) were investigated. After ablation, the product was visible as a suspension of grey nanoparticles in the liquid. In order to remove traces of SDS, the grey precipitates were washed several times with deionized water and ethanol, and then separated by centrifugation.
The solid precipitate samples were characterized and analysed by various techniques (see Chapter 3 for more details), including scanning electron microscopy (SEM), transmission electron microscopy (TEM) and high-resolution (HR) TEM.
Powder X-ray diffraction (XRD) and selected area electron diffraction (SAED) were used to identify the zinc oxide phases. Wavelength dispersed photoluminescence (PL) spectra were measured at room temperature following excitation with a c.w. observed by other workers in undoped ZnO NRs, hollow micro-hemispheres [50] and co-doped ZnO nanosheet-based structures [51] . Noticeably, the individual leaf- NPs that SDS molecules can form a layer directly on a particle surface, which helps to limit the particle size to the nm range. The negatively-charged sulphate groups attach to the positive NP surface, leaving the hydrocarbon tails unbound in the liquid.
Close to and above the c.m.c., it becomes energetically favourable for the 'tails' from different NPs to intercalate and form lamella, which effectively 'glue' the NPs together in various packed arrangements. We believe that a similar process is 350 nm is attributed to the exciton absorption of ZnO [40] . The peak intensity increased with increase of t; however the peak for 2 h has a broad shoulder and is Chapter 6 Growth of self-assembled ZnO nanoleaf 205 poorly-defined. Using the value for onset of absorption (where the extrapolation of the steeply-rising part of the absorption spectrum crosses the wavelength axis), the optical (or Tauc) band gap [54] for samples produced after 2 h and 5 h ablation are calculated to be 3.20 and 3.10 eV, respectively. These two values are lower than the value for bulk ZnO (3.37 eV) [49] probably due to quantum confinement effects. easily oxidized in such extreme conditions, and then initially condense into small, monodispersed, spherical ZnO NPs. Due to the very short laser pulse length (15 ns) and the fact that the plume is rapidly quenched by the surrounding liquid, the growth times of these nuclei are very short, and so they remain in the nm size range. At a short ablation time, the rate of mesoscale restructuring is relatively low because of insufficient energy input to overcome the restructuring barrier. Thus, the initial products are mainly spherical NPs. However, more complex assembled structures are formed in a longer ablation time (5 h), which has continual energy input to the reaction system and sufficient time for NPs recrystallization. Furthermore, the presence of SDS molecules can form a thin coating around each NP, stabilising them, but also preventing further growth since all the crystal faces will be capped by the surfactant groups. At higher SDS concentrations the tail groups protruding from neighbouring NPs begin to intercalate, thereby minimising the tail-water interactions, and gluing the NPs together. The NPs lying parallel to the c-axis are stabilized by SDS to give preferential growth along the [0001] direction. Upon drying of the samples, the strings of NPs coalesce to form the nano-leaf structures. The binding of SDS on the NP surfaces directs their subsequent oriented assembly and growth. This surfactant-mediated restructuring process is consistent with the mechanism proposed by several groups for other materials [55, 56] . In general, many surfactants influence The presence of C1s peaks appeared at 285 eV for two samples is a consequence of contamination when the samples were exposed to the atmosphere. The O1s peak observed at about 530 eV corresponds to O 2− for the normal wurtzite structure of ZnO single crystal [57 ] . There are two peaks at ~1020 and ~1043 eV, which correspond to the binding energies of Zn2p 3/2 and Zn2p 1/2 , respectively [58] . The binding energies of various core levels match well with the XPS spectrum of bulk ZnO (calibrated by taking the carbon C1s peak 284.6 eV as a reference).
Detailed analysis of the ZnO nanostructures were carried out by investigating the Zn-2p and O-1s core level spectra. As shown in Figure 6 .7(c), the intensity of These results are consistent with our observation from the XPS spectra. 
